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The electronic structure of Li2RuO3 was investigated using x-ray emission and absorption spectroscopy and
by theoretical calculations employing two approaches: the local density approximation (LDA) and a combination
of LDA with the cluster extension of dynamical mean-field theory (LDA+DMFT). The evolution of the spectral
properties with the strength of electronic correlations is analyzed. We show that for moderate values of on-site
Coulomb repulsion U and intra-atomic Hund’s rule exchange JH , Li2RuO3 is in an orbital-selective strongly
correlated state in the sense that a part of the t2g manifold (i.e., xz/yz) behaves as local atomic orbitals susceptible
to Hubbard correlations, while the remaining (xy) orbitals must be described as bond-centered molecular orbitals.
Both theoretical approaches succeed in explaining the x-ray data, and a comparison of the theoretical and
experimental spectra provides a reasonable estimate of the possible correlation strength (U ) and Hund’s coupling
(JH ) in Li2RuO3.
DOI: 10.1103/PhysRevB.91.115138 PACS number(s): 75.20.Ck, 71.27.+a
I. INTRODUCTION
Recent progress in the study of the electronic and magnetic
properties of hexagonal iridates Na2IrO3 and Li2IrO3 [1–4] has
stimulated investigation of other materials with similar crystal
structures based on 4d and 5d transition metals. On the one
hand, due to strong spin-orbit coupling and specific lattice
geometry, these materials were proposed to show strongly
anisotropic exchange interactions, which may result in exotic
magnetic properties [1]. On the other hand, they can be
regarded as molecular orbital crystals, i.e., compounds in
which chemical bonding and formation of quasimolecular
orbitals affect the physical properties of the system [3,4].
In addition to these two factors, the spin-orbit coupling,
kinetic energy (hopping), and on-site Coulomb correlations
are expected to play some role, as in many other transition
metal oxides [5]. One of the ways to study the relative
importance of these terms is to investigate related materials
with a similar crystal structure. For instance, the study of
doped Li2Ir1−xRuxO3, where Ir was gradually substituted by
Ru, demonstrated that models based on the assumption of
dominant spin-orbit interactions do not describe this system
properly [6]. However, the physical properties of the end
compound, Li2RuO3, are interesting not only because of
its close resemblance to the hexagonal iridates but also
because of its formation of a spin-singlet ground state at low
temperatures [7] which melts into a valence-bond liquid state
at higher temperatures [8].
The crystal structure of Li2RuO3 consists of honeycomb
layers of RuO6 and LiO6 edge-sharing octahedra, which
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alternate with Li layers along the c direction. The RuO6 octa-
hedra form a honeycomb network, while the LiO6 octahedron
occupies the center of each resulting Ru hexagon (see Fig. 1).
The material undergoes a phase transition from the C2/m
structure at high temperatures to the low-temperature P21/m
structure at Tc ∼ 540 K [7,9]. X-ray diffraction measurements
on polycrystalline samples reveal that at this temperature
the nearly perfect hexagons of the high-temperature phase
undergo strong distortions, giving rise to the formation of short,
medium, and long Ru-Ru bonds with lengths Ls = 2.568 ˚A,
Lm = 3.045 ˚A, and Ll = 3.049 ˚A, respectively. This structure
is thus characterized by Ru dimers; these short Ru-Ru bonds,
which form a herringbone structure, are shown as red lines
in Fig. 1. The ratio (Ll-Ls)/Ls can serve as a measure of
the basal-plane distortion. In the low-temperature phase of
Li2RuO3 this ratio is 18.6%, indicative of strong dimerization
and the formation of quasimolecular orbitals with a singlet
ground state [7]. However, pair distribution function analysis
of data obtained with the same method (x-ray diffraction) has
shown that the dimerization persists well above Tc, and the
material’s structure takes the form of a valence bond liquid [8].
Density functional theory (DFT) calculations have demon-
strated that the energy difference between structures with
different dimerization patterns is small, and hence, the energy
barrier for the dimers’ flow can be readily overcome at
temperatures T  Tc. However, the results of the crystal
structure optimization were found to be strongly dependent on
the strength of the on-site Coulomb repulsion, which tends to
stabilize a nearly uniform hexagonal structure [10]. Therefore,
it is quite important to estimate the strength of the Coulomb
correlations in this material.
In the present paper we report detailed studies of the
influence of correlation effects on the electronic properties of
Li2RuO3 using cluster LDA+DMFT calculations (combining
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FIG. 1. (Color online) The honeycomb crystal structure of the
low-temperature phase of Li2RuO3. The RuO6 octahedra are colored
in green, and LiO6 is in light gray. The Ru-Ru dimers are shown as
bold red lines, while the remaining Ru-Ru bonds are shown in black.
The directions of the x, y, and z axes of the local coordinate system
are shown by blue arrows.
the local density approximation and dynamical mean-field
theory). The obtained spectral functions are compared with
experimental x-ray absorption and emission spectra. Very
recently, it was reported that the crystal structure and physical
properties of Li2RuO3 single crystals may differ significantly
from those of polycrystalline samples [10]; here we report
results for high-quality polycrystalline Li2RuO3.
II. EXPERIMENTAL AND CALCULATION DETAILS
To prepare the polycrystalline samples, appropriate quanti-
ties of Li2CO3 and RuO2 (both Alfa Aesar, at least 99.99%
purity) were mixed using an agate mortar and pestle and
dried in a furnace at 600 ◦C in air overnight. The powder
was then pressed into 10-mm-diameter pellets and heated at
900 ◦C for 15 h, followed by sintering in an alumina crucible
at 1000 ◦C for 4 days, with intermediate grinding. A 10 mol%
excess of Li2CO3 was used to compensate for evaporation of
Li. All heating was done in a muffle furnace. The sample
purity was monitored using a Rigaku MiniFlex benchtop
x-Ray diffractometer employing Cu-Kα radiation. Our bulk
resistivity and differential scanning calorimetry measurements
show clear signs of the phase transition at around 550 K,
indicative of the high quality of our samples.
Oxygen x-ray emission (XES) and absorption (XAS)
spectra represent occupied and unoccupied partial density of
electronic states, respectively [11,12]. In 3d transition metal
oxides, these spectra can represent not only O 2p but also
transition metal 3d states due to strong 2p − 3d hybridization.
The d orbitals in 4d transition metals are more extended than
in their 3d counterparts, and hence, their hybridization with
oxygen 2p states is very strong. One would thus expect the O
Kα XES and O 1s (K-edge) XAS spectra to reflect the Ru 4d
density of states in Li2RuO3.
Oxygen K-edge soft x-ray spectroscopy measurements
were performed at the XES end station of the Resonant Elastic
and Inelastic X-ray Scattering (REIXS) beamline (10-ID2) at
the Canadian Light Source at the University of Saskatchewan.
The monochromator resolving power E/E at the O K-edge
energy was at least 5000. The emission spectrometer, which
uses diffraction gratings in a Rowland circle geometry as
dispersive elements and is fitted with a microchannel plate
detector, had a resolving power E/E of at least 500 in the
same energy region. The elliptically polarizing undulator was
tuned to produce horizontally polarized photons. All reported
measurements were performed with an incidence angle of 70◦
from normal, and the XES spectrometer collected photons
at 90◦ from the incident beam. Each sample was affixed to
the sample plate using carbon tape prior to being placed into
the chamber and brought down to ultrahigh vacuum. XAS
scans were performed in total electron yield (TEY) mode and
were subsequently normalized by the intensity of the incoming
photons I0. The oxygen K-edge absorption spectra were
calibrated to Bi4Ge3O12 (BGO) with a first peak at 532.7 eV.
XES measurements were collected at an excitation energy
of 560 eV and dually calibrated through the BGO reference
material as well as through the use of elastic scattering peaks so
as to ensure consistency with the energy values reported by the
monochromator. Both XES and XAS spectra were measured
at room temperature.
The electronic structure of the low-temperature phase of
Li2RuO3 was calculated using the local density approxima-
tion (LDA) and the tight-binding linear muffin-tin orbital
(TB-LMTO) method [13,14]. The von Barth–Hedin local
exchange-correlation potential [15] was used. The lattice
constants and atomic positions corresponding to the P21/m
structure were taken from Ref. [7]. The muffin-tin sphere radii
were chosen to be R(Ru) = 2.41 a.u., R(O) = 1.82–2.05 a.u.,
and R(Li) = 1.97–2.48 a.u.; 1728 k points in the full Brillouin
zone were used in the calculation. The Wannier function
projection method [16,17] was employed to construct the
low-energy Hamiltonian for the t2g states of Ru. We have not
included spin-orbit coupling in the calculation scheme. The
local distortions of the RuO6 octahedra and formation of the
molecular orbitals in the Ru-Ru dimers strongly suppress this
interaction.
In order to take into account correlation effects in the 4d
shell of Ru we applied the LDA+DMFT method [18,19];
since two Ru ions are bound, forming a dimer, the cluster
extension of the LDA+DMFT approach was utilized [20,21].
The effective impurity model in DMFT was solved with the use
of the Hirsh-Fye algorithm (HF-QMC) [22]. All calculations
were performed for the inverse temperature β = 10 eV−1.
Spectral functions were calculated using the maximum entropy
method [23].
III. RESULTS AND DISCUSSION
Many transition metal oxides are known to be strongly
correlated materials [5]. While electronic correlations are ex-
pected to be gradually suppressed going from 3d to 4d and 5d
metals (since orbitals have a greater radial extent and become
less localized for higher principal quantum numbers [24]),
they generally may remain important. The investigations of
different dimerized and trimerized Ru oxides show that some
of them (e.g., Ba4Ru3O10 [25] or Ba3CoRu2O9 [26]) can be
described within conventional band theory, while others (e.g.,
La4Ru2O10 [27]) have to be considered systems with localized
electrons. Therefore, in the present paper we used the cluster
extension of the LDA+DMFT approach, which allows us not
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FIG. 2. (Color online) Identification of spectral features: (a) O
2p LDA density of states (DOS), (b) O Kα x-ray emission (XES) and
O 1s x-ray absorption (XAS) spectra of polycrystalline Li2RuO3, and
(c) LDA+DMFT spectral function for U = 3 eV and JH = 0.7 eV.
only to incorporate correlation effects but also to take into
account the formation of bonding and antibonding states in
dimerized Li2RuO3 in an appropriate way. We start with the
analysis of the LDA electronic structure and then show how it
changes when one takes into account the correlation effects.
Partial Ru 4d and O 2p LDA densities of states (DOSs) are
shown in Fig. 2(a). The t2g states of ruthenium are located in
the energy interval from −1.4 to 1.3 eV. The lowest (at about
−1.2 eV) and highest (at about 1.1 eV) peaks in this energy
interval primarily correspond to the bonding and antibonding
xy orbitals, respectively. We use the local coordination system,
where the x and y axes point to the oxygen atoms forming
the common edge for two neighboring RuO6 octahedra. Four
peaks in the energy interval from −0.7 to 0.5 eV correspond
to the bonding and antibonding xz/yz orbitals. From the
LDA partial DOS one can clearly see the strong hybridization
between O 2p and Ru 4d states. As was argued in Sec. II, this
hybridization allows for the comparison of the experimental O
K-edge XES and XAS spectra with spectral functions of Ru
4d states.
The experimental oxygen K-edge emission (O Kα XES)
and absorption (O K-edge XAS) spectra of Li2RuO3 are
presented in Fig. 3. In accordance with dipole selection rules
these spectra give information about the energy distribution of
occupied and vacant O 2p states, respectively. We have used
the maximum entropy treatment [28] for deconvolution of the
spectra for experimental broadening.
A comparison of experimental spectra with calculated DOS
according to positions of the main maxima is presented in
FIG. 3. (Color online) Experimental O Kα x-ray emission (XES)
and O 1s x-ray absorption (XAS) spectra of polycrystalline Li2RuO3
(black circles). Deconvoluted spectra using the maximum entropy
method are shown as a solid red line.
Fig. 2. One may see from Figs. 2(a) and 2(b) that the LDA
results agree with x-ray spectra remarkably well. The peak at
∼529.5 eV is attributed to the antibonding xy∗ orbital. The xy
orbitals on the two Ru ions forming a dimer are directed,
in this edge-sharing geometry, exactly toward each other,
which results in the strong bonding-antibonding splitting [8].
In contrast, the overlap between xz/yz orbitals is not that large,
and hence, the bonding-antibonding splitting for these orbitals
is small, and they behave mostly as site-centered atomic
orbitals. The shoulder at ∼528 eV corresponds exactly to these
xz/yz states. Peaks at 531.5 and 532.5 eV can be attributed to
the Ru e∗g orbitals, while the broad peak at ∼526 eV indicates
the top of the O 2p band.
The on-site Coulomb repulsionU and Hund’s rule exchange
JH for Ru4+ have been estimated to be 3.0 and 0.7 eV,
respectively [25,29]. The spectral functions obtained in the
LDA+DMFT calculations for these values of U and JH are
shown in Fig. 2(c). One may see that they agrees with the
experimental spectra nearly as well as the LDA density of
states. Typically, spectral functions for correlated bands near
half filling having moderate values of U show the so-called
“three-peak structure” consisting of upper and lower Hubbard
bands, with a quasiparticle peak near the Fermi edge [18].
The obtained spectral functions also exhibit this three-peak
structure, but the origin of these peaks is rather different.
Evolution of the LDA+DMFT spectral functions as a
function of U at fixed JH = 0.3 eV [30] is shown in Fig. 4.
One may see that while an increase in the correlation strength
leads to the gradual opening of a gap in the xz/yz bands (as
expected for localized states), the positions of both bonding
and antibonding xy bands, which still form molecular orbitals,
do not have a strong U dependence. In this sense, Li2RuO3
shows orbital-selective strongly correlated behavior [21].
The tendency to form molecular orbitals competes in
dimerized systems both with the on-site Coulomb repulsion
U and with intra-atomic exchange JH , which tend to localize
electrons on the atomic orbitals. If the corresponding hopping
parameters are small enough, then correlations can easily
suppress them and localize electrons on the atomic orbitals,
which occurs here for the xz/yz orbitals, which do not have
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FIG. 4. (Color online) The LDA+DMFT spectral functions of
polycrystalline Li2RuO3 for t2g states for JH = 0.3 eV and different
values of U : (a) U = 0.9 eV, (b) U = 2 eV, and (c) U = 3 eV.
direct overlap (only indirect via oxygen). In contrast, the large
bonding-antibonding splitting for the xy orbitals (∼1 eV [9])
efficiently competes with the Hubbard U .
The dependence of the spectral function calculated within
LDA+DMFT on JH at fixed U is shown in Fig. 5. On
the one hand, increasing JH for the current orbital filling
results in a decreased splitting between the upper and lower
Hubbard bands for the xz/yz states (see, e.g., [31]). On the
other hand, Hund’s exchange efficiently couples electrons on
different orbitals (xy and xz/yz) and disfavors the formation
of the molecular orbitals [21]. This results in the shift of the
antibonding xy∗ band to lower energies, but even for U and
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FIG. 5. (Color online) The LDA+DMFT spectral functions for
polycrystalline Li2RuO3 for U = 3 eV and different values of JH : (a)
JH = 0.3 eV, (b) JH = 0.5 eV, and (c) JH = 0.7 eV.
JH as large as 3 and 0.7 eV, respectively, correlations do not
suppress formation of the molecular orbitals completely.
By comparing LDA+DMFT results obtained for different
U and JH with experimental spectra, one may see that the
peak assignment remains practically the same as that in the
case of the LDA calculation: the peak at ∼529.5 eV can be
attributed to the antibonding xy∗ band, and the shoulder at
∼528.5 eV corresponds to the xz/yz states. The peaks at
∼531.5, 532.5, and 534 eV as well as at 525 eV are not seen in
the LDA+DMFT spectral functions since neither Ru e∗g nor O
2p states were included in the calculation scheme (otherwise,
the dimension of the impurity problem becomes too large to be
solved). The best agreement between LDA+DMFT spectral
functions and experimental spectra is obtained for U = 3 eV
and JH = 0.7 eV.
Oxygen x-ray spectra in transition-metal oxides in general
reproduce the partial density of d states but only indirectly
through p-d hybridization. Some features in the distribution of
Ru 4d states near the Fermi level as observed in LDA+DMFT
spectral functions will not be reproduced by oxygen XES
and XAS. The overall broadening of experimental x-ray
spectra includes contributions from the width of the core level
(which is determined by the lifetime of the 1s vacancy) and
instrumental resolution. Optical measurements, free from the
first type of broadening, may thus offer a rich source of further
information about the electronic structure of Li2RuO3.
IV. CONCLUSION
The conventional LDA and cluster extension of the
LDA+DMFT method and O K-edge XES and XAS spec-
troscopy were used to investigate the electronic structure of
dimerized Li2RuO3. While LDA density of states is found to
be in rather good agreement with experimental spectra, only
the cluster DMFT technique allows for accurate simulation of
spin-singlet states. Already on the LDA level there are two
types of Ru 4d orbitals: xy orbitals, which form molecular
orbitals, and xz/yz, which are atomiclike and site centered.
The correlation effects do not break this orbital-selective state.
We have demonstrated the robustness of the formation of the
molecular orbitals in our calculations by varying the U and JH
parameters over a wide range. The unoccupied part (rightmost)
of the three-peak structure of the LDA+DMFT spectral func-
tions is attributed to the antibonding xy∗ molecular orbital, and
the central peak is attributed to the xz/yz states. By making a
direct comparison of the experimental spectra to LDA+DMFT
spectral functions, we have made a quantitative estimate of
two important parameters: the Coulomb interaction U and the
Hund’s coupling JH for Li2RuO3. However, we also note that
higher-resolution x-ray experiments or optical measurements
would be helpful for a more accurate determination of these
two parameters.
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